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Abstract-The phase di~am of electively poled, tetragonai PLZT materials has been invest~at~. In the higher 
La concentration range, a tetragonal, so-called g-phase occurs, which has no clear FE properties. The t~nsition to 
the FE, phase has first order character and takes place only after a strong electric field has been applied to the 
material. The energetics of the @, ti FE, transition were investigated in several ways. The heat-effects associated 
with this transition have a small value of 6-20caVmoI. dependent on composition. The transition fl,oFE, is 
accompanied by a relatively large activation energy AC:. The AC?(T) curve shows a minimum for materials, which 
do not show a spontaneous transition to the FE, phase. This minimum value of AC1 (l-2.5 callma!) is large in 
comparison to the average thermal energy kT and prevents the spontaneous t~nsition from the & phase to the FE, 
phase. 
1. INTRODUCTION 
Phase relations in PLZT 8/65/35 have been investigated 
extensively by several authors [I-s]. At high temperatures 
the material is pamelectric (PE) with a cubic sym~~. On 
lowering the temperature, a broadened anomaly in the 
permittivity curve is observed, however a crystallographic 
transition is absent and the material is (pseudo) cubict at 
low temperatures. A ferroelectric orthorhombic phase can 
be induced by the addition of electrical or mechanical 
energy. This latter ~si~on is reversible at tem~~tures 
above a certain tem~rature 7” and non reversible at 
temperatnres below T,. 
A similar behaviour has been reported for the more Ti 
rich, tetragonal PLZT materials. A study of the phase 
relations in thermalIy depoled x/30/70 materials has been 
reported in Part I of this paper. Contrary to PLZ7’ 
8/65~35, in these materials a spontaneous position to a 
tetragonal phase occurs at all La concentrations. 
However at high La-concentrations, the tetragonal phase 
has no ferroele’ctric properties [6,7] and this so called p, 
phase can be converted to the FE, phase by applying an 
electric field to the material (71. The character of the 
(pseudo) cubic phase in PL~~65~35 materials and the 
& phase in PLzTnfW45 and PL.TTx/30/70 materials i  
not yet clear, but the most current idea is the short range 
order model, discussed in Part II of this paper. 
The transition @*FE, is accompanied by: (i) a jump 
in polarization, (ii) an anomalous change of physical 
properties uch as e’, c’, light scattering, etc. (iii) an 
exothermic heat effect. 
In-the literature these facts have been put forward as 
tin a private ~rnun~~n, Sternbern (Latvian State Uni- 
versity, &a, USSR) reported, that at lo& tern~~~es Pm 
81651351 shows aslight deviation from the cubic symmetry. This 
is in disagreement with the results of Keve rp al. 121. 
criteria for the short range order-+long range order 
transition. The aim of this paper is to report on phase 
relations in poled tetragonal PLOT materials. Experimen- 
tal results and the phase diagram (T-x plot) for poled 
.x/30/70 materials will be discussed in Sections 2 and 3.1 
respectively. 
A comparison with the phase diagram for thermally 
depoled material will show, that the FE, phase field 
grows at the expense of the /3* phase field. Furthermore 
it will be shown, that the t~nsition FE, + /.?$ has first 
order character and takes place at a relative sharply 
defined temperature r, 
The electrical induction of the FE, phase and the 
energetics of the transition /$ + FE, will be discussed in 
Sections 2.2-3.4. The results are consistent with the short 
range order model. It will be made clear in these sec- 
tions, that the fact, that the transition & + FE, does not 
occur spontaneously for materials with a high La con- 
tent, is the result of an activation energy, which is high in 
comparison with the average thermal energy &T. Finally 
in Section 3.6 a comparison with other PLZT materials 
will be made which leads to the conclusion, that the 
electrical i~uction of a FE phase is a general 
phenomenon for PLOT materials with a relative high La 
content. 
2. EXPERIMENTAL hU3HoDs AND RESULTS 
The preparation of the PLZT materials and the 
ex~~men~l equipment for capacitance, X-ray and DSC 
measurements is described in (61. 
2.1 Polarization measurements 
By means of a modified Sawyer-Tower circuit, EP 
hysteresis loops were obtained at a frequency of 0.05 Hz. 
A typical sequence of EP hysteresis loops as a function 
of temperature is shown in Fig. 1. At low temperatures a 
square loop is observed, which changes into a double 
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Fig. 1. EP hysteresis loops for FLZT 17/30/70 material t different temperatures 
loop at increasing temperature. At still higher tem- 
peratures a so-called slim loop is found, which gradually 
approaches linear dielectric behaviour. 
Remanent polarization as a function of temperature 
was obtained from these EP hysteresis loops and is 
shown in Fig. 2 for several x/30/70 materials. All materi- 
als show a loss of overall polarization at a temperature 
Z’,, Although some poI~ization is retained above T,, the 
temperature T, is sharply defined in nearly all cases, In 
Fig. 3, virgin? EP curves are shown for several PLZT 
materials at different temperatures (T < T,). In our 
tA material isin its virgin state or thermally depoled state after 
heating to a temperature far above the Curie temperature, fol- 
lowed by slowiy cooling. In this way the memory of the electrical 
history of the material is completely removed. 
Fig. 2. Remanent polarization as function of temperature for 
several PLZT x/30/70 materials. 
opinion the kinks in the virgin EP curves for PLZT 
17/30~70 and 20/30/70 at a and b are indicative for a 
phase transition. This phenomenon will be discussed 
extensively in Section 3. 
2.2 Capacitance measurements 
In the lower La concentration range (x~30~70 materials 
with x < 16 at % La) the c’ (T) and elt (T) curves of 
poled and thermally depoled materials are equal. The 
temperature T, is coincident with the temperature, 
where the dielectric constant is at maximum (Tr) and 
temperature where the dielectric loss is at maximum 
(Tb). Increasing the La content, however, leads to a 
completely different ~haviour. The temperature depen- 
dence of the dielectric onstant of U/30/70 and 20/30/70 
materials is shown in Fig. 4. Two different starting con- 
ditions, poled and thermally depoled, are shown in cur- 
ves (a) and (b) respectively. At temperatures T < TV, the 
dielectric constant of the poled material is much lower 
than that of the thermally depoled material. The 
difference increases with increasing temperature. 
However at temperature ?‘, the dielectric constant or 
the poled material shows a sudden increase, whereas in 
thermally depoled material such an increase is absent. 
Once depoled at the temperature T,,, no further 
difference could be observed between poled and ther- 
malIy depoled material on heating or cooling. The 
broadened maximum of the dielectric onstant occurs at 
a higher temperature (called T:) than T, in all cases and 
the temperature difference between T, and Tb increases 
rapidly with increasing La content (Table 1). Alternating 
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Fig. 3. Virgin EP curves for PUT x/30/70 materials with x = 14 at % La (upper figures), x = 17 at % La (middle 
figures) and x = 20 at % La (bottom figures). 
current depoledt material behaves in the same way as 
poled material. 
2.3 DSC measurements 
For x/30/70 materials with a low La content (x < 16 at 
% La) a latent heat effect is observed at a temperature 
T,, both for poled and thermally depoled material. The 
magnitude of this heat effect is more or less equal in both 
cases. Poled and a.c. depoled materials in the higher La 
concentration range (x > 16 at % La) show a latent heat 
at the temperature T,,. The magnitude of this heat effect 
decreases linearly with increasing La content. For PLZT 
x/30/70 material with x > 20 at % La the heat effect 
vanishes, apparently because of its small value. It should 
be remarked, that the heat effects for materials with 
x > 16 at % La are very small and close to the sensitivity 
tA material can be a.c. depoled by continuously reducing the 
magnitude of the a.c. field strength which was initially equal to 
the maximum field used in hysteresis loop measurements. 
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limit of our DSC equipment. Only the fact, that sharp 
DSC peaks were observed, made it possible to calculate 
values for the transition heat. 
In Table 1 values of AH and AS for the transition 
/3riFE are presented. AS was calculated from the equa- 
tion AS = AH/T,. 
214 X-Ray measurements 
X-Ray diffraction patterns were made at room tem- 
perature from poled and thermally depoled ceramic discs 
having a diameter of about 15 mm. Removable silver 
paste electrodes were used for the poling procedure. In 
all cases, poling resulted in a strongly increased intensity 
of h&l reflections with 1 > h + k. 
This result is expected because of the preferred orien- 
tation of the tetragonal axes in the poled material. 
However neither a change in symmetry nor a significant 
change in the c/a ratio could be observed in PLZT 
17/30/70 and 11/55/45 materials due to poling (thermally 
depoled 17/30/70 is FE, thermally depoled 11/S/45 is a 
p-phase material at room temperature). 
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Fig. 5. Phase diagram for poled PLZT 630/70 materials dotted 
line gives the transition FE, + 4, in thermally depoled material. 
high La content undergo a non-reversible phase tran- 
sition to a FE phase on poling at temperatures below T,. 
We propose a phase diagram for poled PLZT x/30/70 
materials as shown in Fig. 5. In the lower La concen- 
tration range, the situation is relative simple and equals 
the situation for a thermally depoled material [6]. The 
first order transition FE, +PE, takes place at tem- 
perature Txe at maximum) = Tb (E” at maximum) = T, 
(DSC anomaly) = T, (disappearance of remanent 
polarization) = TX (crystallographic transition). All these 
temperatures are coincident in this La concentration 
range. Increasing the La content finally leads to a 
difference in behaviour of thermally depoled and poled 
material. Compared with the phase diagram for thermally 
depoled material, the diagram for poled materials hows 
an extended FE phase field. The p phase field on the 
other hand decreases. The (sharp) FE, + /3, transition 
occurs at temperature T, (disappearance of remanent 
polarization, sharp increase of E’ and &‘, latent heat 
effect), whereas the diffuse transition /3, + PE, around 
the temperature T5 (maximum E’) has been discussed in 
full detail in [6]. 
The transition FE, + /3, has fist order character, which 
tEspecially at temperatures Ta Tp it is doubtful if the tran- 
sition p -+ FE occurs at a sharply defined field strength, since at 
low temperatures a clear kink at the start of the transition (point 
a in Fig. 3.) is not observed. However, the sharp kink at point b 
remains at all temperatures. 
can be deduced from the following: 
-a latent heat is observed at the transition 
-double EP hysteresis loops are observed at tem- 
peratures T > T,. The FE character of the low tem- 
perature lectrical induced phase becomes evident, in the 
first place from the observed square hysteresis loops and 
secondly from the fact that application of a bias field to 
the material results in an increase of temperature I”. 
This is the theoretically expected result for a transition 
where a FE phase disappears [8]. 
3.2 EP hysteresis measurements 
Virgin EP curves (Fig. 3) show a more or less normal 
domain orientation at all temperatures in the case of 
PLZT 14/30/70, which confirms the FE character of the 
thermally depoled material at T < T,. On the other hand, 
virgin EP curves of PLZT 20/30/70 clearly indicate the 
induction of the FE phase from the thermally depoled 
material at all temperatures where T < TV At a certain 
critical field strength E,’ an FE phase is inducedt. This 
transition is accompanied by kinks at a and b in the 
virgin EP curve and by a sharp change in other proper- 
ties (strong decrease of c’ and e” etc. see also [7]). 
PLZT 17/30/70 and 18/30/70 materials how an inter- 
mediate behaviour. Both domain orientation and phase 
transition behaviour, dependent on temperature, can be 
seen in the virgin EP hysteresis loops. In a temperature 
region not too far below temperature T, a phase tran- 
sition behaviour is observed in the virgin EP curves, 
which is in accordance with the proposed phase diagrams 
for poled and thermally depoled material. At lower tem- 
peratures, thermally depoled material undergoes a spon- 
taneous transition to an FE phase and in the virgin EP 
curves only domain orientation behaviour is observed. In 
the EP hysteresis loops, shown in Fig. 1, the critical 
fields EC’ and EC- are also defined. 
The transition /?, +FE, occurs at the field EC’, 
whereas at the field EC-, the opposite transition occurs. 
The temperature dependence of these critical fields for 
several materials is given in Fig. 6. It can be seen from 
this figure, that the transition (3* + FE, in PLZT 17/30/70 
shows a rather large thermal hysteresis. 
In the case of PLZT 20/30/70, hysteresis in a classical 
sense is absent. It can be seen from Fig. 6, that the 
critical field E,’ exhibits a broad minimum. At low 
temperatures, the critical field EC’ increases. This means 
that in zero or low field (E < IkV/cm), a spontaneous 
/?, + FE, transition does not occur. In high fields (E > 
8 kV/cm) a more or less normal thermal hysteresis will be 
observed. This is illustrated in Fig. 6. At a field strength 
of 10 kV/cm, the thermal hysteresis for the transition 
P&FE, will be T, - Tb. 
From the double hysteresis loops an estimation of the 
free enthalpy difference between the FE, and j3, phases 
can be obtained. This is illustrated in Fig. 7. Since 
hysteresis is observed in the EP curves, the real equili- 
briumcurve for the field enforced transition is assumed 
to be represented by the line ABC in Fig. 7. The dashed 
line ABC in this figure was drawn in such a way, as to 
divide the area enclosed by the hysteresis loop into two 
equal parts. The area ABCE represents the transition 
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Fig. 6. Critical field E: and E; as function of temperature for PUT 17/30/70 and PLZT 20/30/70. Open circles: 
ET, closed circles: E), closed square: transition temperature asdetermined from zero field permittivity curve 
(see 161). 
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Fig. 7. Determination f the transition free enthalpy AG, and the 
activation energy A& from the double hysteresis loops. 
free enthalpy for the transition pt +FE,. However a 
correction for the reversibly stored dielectric energy 
should be made. Theerfore the more or less linear ferro- 
electric part of the hysteresis loop is extrapolated back 
to the P axis (line DC). Now the dielectric energy is 
given by the area DCE, whereas the transition-free 
enthalpy AC, for the transition PI + FE, is given by the 
crosshatched area ABCD. It should be kept in mind 
however, that the transition-free nthalpy from the PI 
phase to the poled FEt phase is determined in this way. 
A correction for the energy involved in the domain 
orientation process has not been performed. 
In all cases a linear relationship between AG, and T is 
observed (Fig. 8). Extrapolating the AC,(T) curve back 
to the T axis, yields the temperature TO, where the 
transition should take place. 
However, as will be made clear, a large activation 
energy will prevent the spontaneous occurence of the 
transition fit + FE, in materials with a high La content. 
The slope a = (JAGJS) of the curve equals the tran- 
/ /’ 
/ / 
/ / 
0, ’ , / - T(“C) 
-103 -50 
Fig. 8. Transition free enthalpy AG, as function of temperature for PLZT 20/30/70 and PLZT 21/30/70. 
Study of phase transitions 31 
AG2 (cal/md) 
_p,L--&t F-7 T(°C) 
-lm -50 20 50 
Fig. 9. Activation energy AC2 as function of temperature for PUT 17/30/70 and PLZT 20/30/70. 
sition entropy for the transition PI -+ FE,. In Table 1 the 
transition temperatures as obtained from different 
measurements, ogether with the results of the thermal 
measurements, are presented. From this table two strik- 
ing facts should be observed: 
(a) A large difference between the theoretical tran- 
sition temperature To and the experimental tran- 
sition temperature 7” is observed. This difference 
increases with increasing La content. 
(b) The values for the entropy differences between the 
Fe, and /lt phases as obtained by different ech- 
niques, are almost equal. 
In the calculations of AS from the double hys- 
teresis loops, errors will result from the facts that 
the curve ABC in Fig. 7 is only an approximation 
of the true equilibrium curve, that the ferroelectric 
part of the hysteresis loop is not really linear and 
that we have used ceramic samples in which a 
complete saturation of the dielectric polarization is 
not obtained. However the results prove the reli- 
ability of the calculations of AC, from EP curves. 
An estimation of the activation energy AGZ for the 
transition p, + FE, can be obtained from the virgin hys- 
teresis loops. This is illustrated in Figs. 7 and 10, 
where the shaded region corresponds to the activation 
energy AC*, being the maximum amount of energy 
stored in the material (corrected for the dielectrically 
stored energy). A plot of AGz as a function of tem- 
perature is constructed in Fig. 9 for two different materi- 
als. For PUT 17/30/70 it can be seen, that on lowering 
the temperature the activation energy decreases and 
eventually AC2 becomes so small, that the transition 
f3 + FE occurs spontaneously. 
PLZT 20/30/70 shows a different behaviour. On 
lowering the temperature, the activation energy 
decreases, but around the temperature Z’, no further 
decrease is observed and a constant value of about 
1.5 cal/mol is obtained. A further lowering of the tem- 
perature ventually leads to an increase of the activation 
energy to rather high values. For microregions with 
linear dimensions of 100 A (volume v = ld A’ = 2.5 x 
10e2’ mol) the values of V. AGz are large in comparison 
with the average thermal energy kT and in our opinion 
this activation energy will prevent the spontaneous 
occurance of the j? + FE transiton and will be the reason 
for the temperature difference between the real (cal- 
culated) transition temperature To and the observed 
transition temperature T, for the transition FE, + /?,. The 
origin of the large activation energy in these materials is 
not yet clear. 
3.3 Heat effects during the electrically induced & + FE, 
conversion 
In this section it will be shown that the field-induced 
& + FE, transition is accompanied by an exothermic 
heat-effect, which supports the ideas, developed in the 
previous ections. 
If the material is FE, the heat liberated uring poling is 
very small, but if the material is in the B, state, a notable 
heat-effect is observed during poling. This heat-effect 
appears to be in good agreement with the endothermic 
heat-effect, observed uring the depoling of the material 
at temperature Tp 
Our DSC equipment is essentially the same as the one 
Keve and Annis used for their experiments [3]. Ceramic 
discs with evaporated gold electrodes were used. Fine 
platinum leads connected the sample in the DSC cell to 
an external power supply. Measurements were made on 
several materials at temperatures T < T,. Since the heat 
effect involved in the FE, +#I, transition at T, is endo- 
thermic (Section 2), we expected the opposite, field in- 
duced, transition to be exothermic. Applying an electric 
field + V to thermally depoled material indeed resulted 
in the expected exothermic heat-effect Q,. This heat- 
effect must be corrected for the electrical heat dis- 
sipation and for the reversibly stored dielectric energy 
(Q& Furthermore acalibration of the DSC peaks should 
be made. 
The calibration of the DSC peaks is carried out by 
measuring the heat-effects during a complete EP hys- 
38 C. G. F. STENGER and A. J. BURGGRAAF 
Fig. 10. Calculation of the activation energy AG2, the reversibly stored ielectric energy Q2 and the energy Q3 from 
a square hysteresis loop. 
teresis loop. On reducing the electric field + V (or - V) 
to a short-circuit condition, an endothermic heat-effect 
Qz is observed. This heat effect is equivalent o the 
reversibly stored dielectric energy shown in Fig. 10. 
Subsequent application of an electric field - V resui- 
ted in an exothermic heat-effect Q3. The physical mean- 
ing of Q3 is also shown in Fig. 10. 
It can be deduced from this figure, that the total heat 
dissipation in a complete EP hysteresis loop is given by 2 
(Q3- Q*) and since this heat-effect can be determined 
quite accurately from the EP hysteresis measurements, 
we have a method to calibrate the DSC peaks. 
Finally the electrical heat dissipation during the tran- 
sition & + FE, can be determined from the &gin EP 
curve and is equivalent o the activation energy AC, 
(Section 3.2, see also Fig. 10). 
In conclusion it can be stated, that the corrected 
transition heat involved in the conversion p, + FE, is 
given by Q, minus the reversibly stored dielectric energy 
Qz and minus the activation energy A&. In Fig. 1 I this 
corrected heat-effect during poling is given for several 
materials as a function of temperature. More reproduci- 
ble results were obtained when the experiments were 
carried out at temperatures not too close to the tem- 
perature Tp 
It can be seen that for materials that do not show a 
spon~eous transition to the FE phase (x~30/70 with 
x > 18 at % La), a more or less constant value of Q in a 
large temperature interval 7’ < T, is observed. This value 
of Q proves to be in good agreement with the other DX 
results (Table 1) and with the results of the hysteresis 
measurements. 
A quite different behaviour is seen for PLZT 17/30/70. 
At low temperatures, the material is already ferroelectric 
and only a small heat-effect is observed during poling. 
Increasing the temperature eventually leads to a 
transitionFE, +/3, at the temperature T, (see Part I of 
this paper). 
Applying an electric field to the material at tem- 
peratures T, < T < Tp results in a non reversible tran- 
sition & --) FE, and the value of Q increases rapidly. The 
small heat-effect observed at low temperatures may be 
due to a non-complete spontaneous conversion @FE in 
the thermally depoled material. Further it can be stated, 
that the observed exothermic heat-effect during poling 
again points to a field induced transition. It should be 
Fig. II. Transition heat as a function of temperature for PLZT 
x/30/70 materials. 
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kept in mind however that in this way the heat-effects for 
the transition from the p1 phase to the poled FE, phase 
were determined. A correction for the domain orientation 
process was not performed. 
3.4 Frequency dependeace of the p phase 
To estimate whether the observed ecrease in dielec- 
tric constant after poling is related to normal domain 
processes, we have measured the frequency dependence 
of the dielectric constant and dielectric loss of PLZT 
20/30/70 at -90°C. It can be seen from Fig. 12, that at 
low frequencies there is an extra contribution to the 
dielectric constant and dielectric loss, which can be 
removed by poling. As the measuring frequency in- 
creases the extra contribution to the dielectric constant 
becomes smaller. If it is allowed to extrapolate the 
curves to high frequencies it can be concluded, that 
somewhere in the GHz range the dielectric onstants of 
poled and unpoled material become qual. This suggests, 
that the extra contribution to the dielectric constant in 
unpoled material could be due to a domain wall relax- 
ation. However the dielectric loss for unpoled material 
does not show the expected maximum as frequency in- 
creasest. 
In conclusion it can be stated that the fact that we 
have observed a strongly dispersive dielectric constant 
together with a non dispersive dielectric loss in a 
frequency range 100 Hz-l MHz does not point to normal 
domain processes. 
Similar effects have been observed in KSrzNbsOjs 
(KSN) crystals by Clarke and Burfoot [13] and in 
Ba&ro,NbzO, crystals by Cline and Cross 1141. In KSN 
tit should be remarked, that at high (>300 kHz) and low 
( < 200 Hz) frequencies the accuracy of the E” measurements is 
not better than 15%. It is possible that a very broad maximum 
can be observed in this frequency range if more accurate 
measurements are carried out. Moreover the frequency range in 
our measurements is rather limited. 
the dielectric constant for unpoled materials is strongly 
dispersive and l funpolsd B l ‘Wicd. In this case a maxinum 
in the dielectric loss as function of frequency is observed 
at about lo* Hz. The phenomena in KSN are explained 
by a model, which assumes the existence of micro- 
domains seperated by thick (SOA) domainwalls. In our 
opinion this model is closely related to the short range 
order model discussed in Part II of this paper. 
3.5 Thermal hysteresis 
In our opinion, the effects observed in PLZT materials 
with a high Ia content are related to thermal hysteresis. 
In a previous section it was made clear, that in PLZT 
17/30/70 a more or less normal, though large, thermal 
hysteresis for the transition B1 *FE, is observed. In zero 
field the transition & + FEt occurs on cooling at tem- 
perature T, (Fig. 6), whereas the opposite transition 
takes place on heating at temperature Tb. This thermal 
hysteresis is caused by a rather large activation energy, 
as can be seen from Fig. 9. In PLZT 20/30/70 the 
situation is not essentially different. In this case however 
the activation energy exhibits a minimum as a function 
of temperature. 
At low temperatures this activation energy is so huge, 
that a spontaneous p, + FE, transition does not occur. 
One can say that the thermal hysteresis has become 
infinite in this case. Measurements on PLTZ 19/30/70 
and 21/30/70 materials howed that the AG2(T) curves 
are qualitatively similar to the one that is shown in Fig. 9. 
for PLZT 20/30/70. However the minimum value of AG2 
increases rapidly with increasing La content. The mini- 
mum values are 1 and 2.5 cal/mol for 19/30/70 and 
21/30/70 respectively. 
In conclusion it can be stated, that in PLZT materials, 
the j%=sFE, transition is accompanied by an unusual 
thermal hysteresis. This unusual character is 
phenomenologically expressed by the fact that the 
thermal hysteresis becomes infinite for materials with a 
high La content. This so called “infinite” thermal hys- 
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teresis” is probably not caused by nucleation problems. 
To understand this it should be kept in mind that both 
the P-phase and the FE phase are tetragonal. In the short 
range order model (see Part II of this paper) the p-phase 
is considered as a phase with FE microdomains and 
therefore it is illogical to suppose that a nucleation 
problem prevents the spon~eous t~nsition /3, + FE,, 
is necessary for observing a field induced pt + FE, tran- 
sition. In PLZT 1 l/55145 for example, the FE phase only 
forms after poling, but in PLZT 11/30/70 no such 
behaviour is observed. Field induced transitions are 
observed in PLZT x/30/70 materials for x > 16 at % La. 
Finally the difference in character between the @sPE 
transition and the FE=@ transition is remarkable. The 
transition /?$PE is very diffused, without any thermal 
hysteresis, whereas the transition /~sFE is a much 
“sharper” transition with an unusual thermal hysteresis. 
Only in PLZT 21/30/70 is some di~useness of the FE, + 
& transition observed. 
Increasing the Ti content still more, eventually leads to 
a situation observed in PLT. In these materials a more 
or less classical FE, +PE, transition occurs up to very 
high La concentrations [9]. A notable broadening of the 
maximum in the E’(T) curve is observed for x = 30 at 
%La, but an induction of the FE phase is not observed. 
3.6 Comparison with other PLZT materials 
Tetragonal PLOT x/55/45 materials were investigated 
extensively by Wolters et ai. [7]. In these materials the 
phenomenon of inducing a FE phase by means of an 
electric field was also observed, In this case a distinction 
between pt and FE, phases can also be made [6,7] and 
the transition pt *FE, has the same characteristics 
(exothermic heat-effect during poling, anomalous 
decrease of E’ during poling, etc.) as in the case of PLZT 
x~30/70 materials. As has been ilIus~at~ by our results 
on 1 l/55/45, shown in Table 1, the transition & -+ FE, in 
PLZT x/55/45 materials is of first order and a large 
temperature difference is observed between the real 
transition temperature To and the actual transition tem- 
perature T,. Just as in the case of PLOT x/30/70 materi- 
als with x > 18 at % La, the position /St + FE, does not 
occur spontaneously in PLZT 11/55/45 and a deter- 
mination of the activation energy AGz (see Section 3.2) 
as a function of temperature sults in a AG*(T) curve, 
which is qualitatively similar to the one observed for 
PLZT x/30/70 materials. 
Also in non-te~agonal PLZT materials, the induction 
of a FE phase by means of an electric field is possible. 
The situation in PLZT x165/35 materials is reviewed 
shortly in the introduction and a field induced cubic-+ 
orthorombic transition is observed in PLZT x/65/35 
materials for x >7 at % La. Finally in PLZT x/85/15 
materials a non-reversible field induced AFE + FE tran- 
sition is observed [lo]. In conclusion it can be stated, that 
the electrical induction of a FE phase is a universal 
phenomenon i PLZT materials. However the La con- 
centration at which this phenomenon is observed and the 
characteristics of the field induced transition are different 
for different parts of the phase diagram. 
Unfortunately, little is known about the value of the 
transition heat for the field induced transition in other 
PLZT materials. Keve and Annis [3] determined a tran- 
sition heat of 8cal/mol for PLZT 8/65/35. This value is 
in the same order of magnitude as the values that have 
been observed for tetragonal PLZT materials (12 callmol 
for PLZT 11/55/45 and 6-20 callmol for PLZT x130/70 
materials dependent on x). A comparison with some 
other polar-+non-polar transitions has been made in 
Table 2. It can be seen that the heat-effects involved in 
the field induced transitions PLZT materials are small. 
The broad minimum in the AG*(T) curve is observed 
in the tem~rature region 0-50°C and the minimum value 
is about I cal/mol. This large activation energy (with 
respect o the average thermal energy) will prevent he 
spontaneous occurance of the fll + FE, transition. 
By comparison with the x/30/70 series, one can see, 
that an increase of the Ti content leads to an increase of 
the La concen~ation range where a classical Fe, --* PE, 
transition is observed and an increase of the La content 
A final remark must be made with respect o the /St 
phase. Wolters [7] regarded the & phase in PLZT .x/5.5/45 
materials as AFE, but the evidence for antiferroelec- 
tricity was rather poor and in PLZT x/30/70 materials no 
AFE properties were observed. In our opinion the short 
range order model is the more likely model. In this 
model, described in more detail in[4] and [6], a ferro- 
electric phase with short range order develops spon- 
taneously from the p~aeIec~ic phase in the temperature 
region, where the permittivity curve exhibits a broad- 
Table 2. Transition enthalpies (AH) and entropies (AS) of some ferroelectric and antiferroelectric compounds 
material transition GH AS 
temp (K) (Cal/ml) (cal/molK 
PbTiO3 763 1150 1,51 
KNb03 708 190 0,28 
BaTi 393 47 0,12 
PbZrO3 503 440 0,88 
PbiZrO 5Ti0 5)03 666 57 0,OP 
I ‘ 
PLT 18 428 24 0,06 
PLZT 17/30/70 320 18 0,06 
PLZT 20/30,'70 212 10 0,05 
PLZT 11/55/45 321 12 0,04 
PLZT a/65/35 328 8 0,02 
transition 
i 
i 
i 
ref. 
/ 
FE+PE 
FE+PE 
FE+PE 
AFE-rPE 
FE-rPE 
FE+PE 
FE+8 
FE+5 
FE+5 
FE+B(?) 
11 
11 
11 
11 
12 
this paper 
this paper 
this paper 
this paper 
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maximum. A transition to a FE phase with long range enthalpy decreases with increasing La content and has a 
order, occurs only after having applied a strong electric low value (6-20 cal/mol for x/30/70 materials). The tran- 
field to the material. It is not clear in this model, sition entropy is more or less independent of the La 
whether the field induced transition should be regarded content in x/30/70 materials (AS = 0, 04-, 06 cal/mol K) 
as a real transition or more as a conversion from one and has comparable or lower values for known materials 
ferroelectric state to another. with a higher Zr content. 
As has been stated in [6], if the material exhibits a (4) The electrical induction of a FE phase is a general 
more or less complete FE short-range order, a consider- phenomenon for the whole PLZT system. 
able proportion of the material exists in the domain walls 
between the ordered ferroelectric microdomains. These 
domain walls resemble a PE phase and poling will result 
Acknowledgements-The present investigations have been car- 
in a transition of these PE walls to a FE phase. This 
ried out under the auspices of the Netherlands Foundation for 
Chemical Research. (S.O.N.). 
process, together with an alignment of the FE micro- 
domains, results in a FE long-range order. 
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